INTRODUCTION
Antimicrobial resistance plasmids of staphylococci are circular, double-stranded DNA molecules that range in size from about 2 kilobase pairs (kbp) to larger than 100 kbp. Antimicrobial resistance plasmids share a number of basic properties with other plasmids: (i) they are present in variable copy numbers per bacterial cell, (ii) they replicate independently from the chromosomal DNA by using specific replication (rep) genes, (iii) they are commonly distributed to daughter cells during bacterial cell division, and (iv) they can be exchanged between bacteria by horizontal gene transfer mechanisms, such as conjugation, mobilization, or transduction (1) (2) (3) (4) (5) (6) (7) (8) . Staphylococcal antimicrobial resistance plasmids may carry mob genes for mobilization or a tra gene complex for conjugative transfer (1, 2, 4) . Furthermore, antimicrobial resistance plasmids can undergo interplasmid recombination that may result in structurally diverse plasmids consisting of parts of both parental plasmids (9) . Such recombined plasmids may be better adapted to the conditions in the host bacterium and harbor additional genetic information. In contrast to genes that play essential roles in replication, recombination, and horizontal gene transfer, antimicrobial resistance genes are not essential for the survival of the bacteria under physiological conditions. However, they may be helpful for the bacteria to survive under specific conditions, e.g., in the presence of antimicrobial agents (1, (7) (8) (9) .
To date, numerous plasmids, which differ considerably in size and structure, have been described to mediate antimicrobial resistance in staphylococci of human and animal origin. The range of staphylococcal resistance plasmids varies from small plasmids that carry only a single antimicrobial resistance gene to large plasmids that carry a number of different antimicrobial resistance genes occasionally coupled with genes that confer resistance to heavy metal ions, disinfectants, and/or biocides. Analysis of plasmid-borne antimicrobial resistance genes in staphylococci also identified resistance genes that were first detected in other bacteria of the orders Bacillales and Lactobacillales, such as members of the genera Bacillus, Streptococcus, and Enterococcus (10) (11) (12) (13) (14) (15) . In addition, several resistance plasmids (which carry novel resistance genes and plasmid replication and mobilization genes), which are only distantly related to those known from staphylococci, have recently been detected in staphylococci of animal origin (16, 17) , and their original host remains to be identified. However, certain antimicrobial resistance genes, identified on plasmids in Staphylococcus aureus and other staphylococcal species, have in the meantime also been detected and shown to be functionally active in a wide range of other Firmicutes and Proteobacteria, respectively (10, 11, 18) . These observations suggest that staphylococci can not only acquire and express plasmid-borne resistance genes from various known or even unknown sources, but can also pass such plasmid-borne resistance genes to other bacteria. This situation underlines the role of antimicrobial resistance plasmids in the gene pool to which staphylococci, but also other bacteria, have access.
This article reviews-without the aim of being exhaustive-the knowledge of plasmid-borne antimicrobial resistance among staphylococci of human and animal origin. If appropriate, examples are shown that illustrate the structural similarities between staphylococcal plasmids or parts thereof with corresponding resistance plasmids of other Firmicutes. Moreover, examples are provided of how staphylococcal plasmids can recombine, form cointegrates, or integrate into other plasmids to give rise to new types of multiresistance plasmids. In addition, examples are also given of how staphylococcal plasmids can function as vectors for transposon-borne antimicrobial resistance genes and how plasmids carrying antimicrobial resistance genes can integrate into the chromosomal DNA.
PLASMID-BORNE ANTIMICROBIAL RESISTANCE GENES IN STAPHYLOCOCCI
A wide variety of plasmid-borne genes that mediate resistance to antimicrobial agents have been identified in staphylococci of human and animal origin. Table 1 provides an overview of the most relevant resistance genes, the resistance mechanisms specified by them, and the associated resistance phenotypes. It should be noted that not the same amount of information is available for every resistance gene. Some resistance genes and the mobile elements that carry them have been studied extensively, whereas only limited information is currently available for other resistance genes and their vectors. In staphylococci, numerous small antimicrobial resistance plasmids have been identified during the past 30 years (1-3, 6-9). These plasmids are usually less than 15 kbp in size and often carry only a single resistance gene. Most of these plasmids confer resistance to antimicrobial agents that interfere with the bacterial protein biosynthesis (9) . In addition, a considerable number of larger plasmids are known to occur in staphylococci. These plasmids often carry several resistance genes. Closer inspection often revealed a mosaic structure, which was very likely due to recombination and integration processes.
Tetracycline Resistance Plasmids
In staphylococci, three plasmid-borne tetracycline resistance genes have been identified. The genes tet(K) and tet(L) code for tetracycline-specific exporters of the major facilitator superfamily, which can export tetracyclines except minocycline. In contrast, the gene tet(M) codes for a ribosome protective protein that also confers minocycline resistance (11, 19) (Table 1) .
Small tetracycline resistance plasmids carrying the gene tet(K) are most widespread among staphylococci (9, 11, 19, 20) . These plasmids are usually about 4.5 kbp in size, are structurally closely related, and carry the gene tet(K) as the only resistance gene. The prototype plasmid is pT181, first identified in S. aureus of human origin (21) (22) (23) (Fig. 1) . Plasmid pT181 carries a repC gene for plasmid replication and a plasmid recombination/ mobilization gene pre/mob, as well as the staphylococcal recombination site A (RS A ) at which the Pre/Mob protein acts (23, 24) . Such pT181-like plasmids have been identified in the coagulase-positive S. aureus and Staphylococcus (pseud)intermedius, in the coagulase-variable Staphylococcus hyicus, and in numerous coagulasenegative staphylococci (CoNS), including among others Staphylococcus epidermidis, Staphylococcus haemolyticus, Staphylococcus saprophyticus, Staphylococcus sciuri, and Staphylococcus xylosus (1, 3, 7-9, 20, 25-28) . The 6,913-base-pair (bp) plasmid pSTE2 from Staphylococcus lentus was shown to represent an RS A -mediated fusion product of a small tet(K)-carrying plasmid and a small plasmid carrying the macrolide-lincosamidestreptogramin B (MLS B ) resistance gene erm(C) (29) .
Tetracycline resistance plasmids that carry the gene tet(L) were described to be less widely disseminated in staphylococci (20) . They have been initially found in S. hyicus and CoNS species such as S. epidermidis, S. lentus, S. sciuri, and S. xylosus of animal origin (30, 31) . Plasmids that harbor only the tet(L) gene are structurally more diverse than the tet(K)-carrying plasmids and vary in size from 4.3 to 7.5 kbp (31). The ca. 5.5-kbp plasmid pSTS7 that carried the kanamycin/neomycin resistance gene aadD in addition to the tet(L) gene was identified in porcine S. epidermidis (32) . In connection with the increased interest in livestock-associated methicillin-resistant S. aureus (LA-MRSA) since 2005, numerous tet(L)-carrying plasmids have been identified in LA-MRSA, mainly in isolates of the clonal complex 398 (33) . These novel plasmids are larger and often carry one or more additional resistance genes (9, 34, 35) . In LA-MRSA, the tetracycline resistance gene tet(L) was often found to be physically linked to the trimethoprim resistance gene dfrK (33) (34) (35) (36) .
In staphylococci, tet(M) genes have been detected frequently and represent the second most prevalent tet genes in animal staphylococci (20) . However, if present, they are commonly found in the chromosomal DNA, whereas tet(M)-carrying transposons are often located on plasmids in other Firmicutes, such as enterococci or streptococci. Most recently, a functionally active tet(M) gene was identified on the 28,743-bp multiresistance plasmid pSWS47 from a feline methicillin-resistant S. epidermidis (MRSE) isolate (37) . The tet(M) gene of pSWS47 is located within a largely truncated Tn916-like transposon. It should be noted that pSWS47 also carried a functionally active tet(L) gene along with three other resistance genes (37) . The presence of two functionally active tetracycline resistance genes on the same plasmid is a rare observation.
Phenicol Resistance Plasmids
In staphylococci, plasmid-borne phenicol resistance can be due to either chloramphenicol acetyltransferase (cat) genes that confer resistance to nonfluorinated phenicols (e.g., chloramphenicol), the fexA gene that encodes a phenicolspecific efflux pump of the major facilitator superfamily, or the gene cfr that encodes an rRNA methylase that also confers resistance to lincosamides, oxazolidinones, pleuromutilins, and streptogramin A antibiotics (9, 38) (Table 1) . The gene products of fexA and cfr confer resistance to nonfluorinated and fluorinated phenicols (e.g., florfenicol). Information on plasmids carrying the gene cfr is given in the subsection on oxazolidinone resistance plasmids.
Three prototype cat genes have been identified in staphylococci and named according to the plasmids on which they were first identified: cat pC221 , cat pC223 , and cat pC194 (39) (40) (41) (42) (Fig. 1) . Each cat gene codes for a chloramphenicol acetyltransferase monomer of 215, 215, and 216 amino acids, respectively, whereas the functional Cat enzyme is a trimer (38) . These cat genes are inducibly expressed via translational attenuation, with chloramphenicol acting as an inducer (38) . The 4,555-bp plasmid pC221 has four genes, two of which code for RepD and Cat proteins, while the remaining two in part overlapping genes code for MobA and MobB proteins that play a role in mobilization (39, 40) . Various pC221-related chloramphenicol resistance plasmids of 2.9 to 4.6 kbp have been identified in staphylococci of animal origin (38, (43) (44) (45) (46) (47) (48) . The 4,608-bp plasmid pC223 carries five genes for RepJ, a Cat protein, a relaxase accessory protein Rlx (MobC), and the mobilization proteins MobA and MobB (41) . Other pC223-like plasmids were-except for the 3.75-kbp plasmid pSCS5 from canine S. haemolyticus (49)-virtually indistinguishable from pC223 (46, 48, 50) . The 2,910-bp plasmid pC194 differs distinctly in its structure from the other types of chloramphenicol resistance plasmids. It harbors genes for a Rep protein and a Cat protein (42) . Database comparisons also identified a 120-amino acid protein, which was closely related to Cop proteins of S. aureus and S. sciuri that are assumed to play a role in maintaining the plasmid copy number. In contrast to pC221-like and pC223-like plasmids, which are widely disseminated among animal staphylococci, only a single pC194-like plasmid, pSCS34, has been identified in an S. sciuri isolate of animal origin (51) .
The gene fexA is part of the small nonconjugative transposon Tn558 (52, 53) . Tn558 is a member of the Tn554 family of transposons and integrates site-specifically into the chromosomal radC gene, but also into plasmids. Surveys of staphylococci with elevated MICs of florfenicol 54, 55) showed that the fexA gene is widely disseminated in staphylococci. Several plasmids that harbor intact or truncated copies of Tn558 have been sequenced (18, 56) ; in many of the truncated copies, Tn558 was interrupted by the integration of a segment that carried the multiresistance gene cfr (18, (54) (55) (56) (57) (58) . Most recently, a fexA variant gene has been identified that conferred chloramphenicol resistance but not florfenicol resistance (59) . This gene had two mutations in the domain obviously involved in substrate recognition. Reversion of these two positions to the original fexA sequence by site-directed mutagenesis restored the florfenicol resistance phenotype (59).
Oxazolidinone Resistance Plasmids
The gene cfr is currently the only transferable oxazolidinone resistance gene (18) . It codes for an rRNA methylase that targets the adenine residue at position 2503 in the 23S rRNA (60), which is located in the overlapping binding domain of phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A antibiotics, and thereby confers resistance to the aforementioned classes of antimicrobial agents (61) . Initially identified on the 17,108-bp multiresistance plasmid pSCFS1 (62, 63) ( Table 2 ) from bovine S. sciuri, this gene has been detected on a number of plasmids in various staphylococcal species. A recent review described in detail the structural variability of the so far sequenced cfr-carrying plasmids or the cfr-carrying regions thereof (18, 56) . This analysis revealed that the smallest cfrcarrying plasmids known to date are 7,054 bp (pMSA16 from bovine MRSA) or 7,057 bp (pSS-03 from porcine S. sciuri, Staphylococcus cohnii, Staphylococcus arlettae, and S. saprophyticus) (55, 64) . Usually, the cfr gene is FIGURE 1 Schematic presentation of the maps of small plasmids below 6 kbp in size carrying one or two antimicrobial resistance gene(s): pT181 (database accession no. J01764), located on larger plasmids that range in size from 30 to 55 kbp and often carry one or more additional resistance genes (18, 56) . Maps of these plasmids or their cfrcarrying sequenced segments are shown in Fig. 2 . Plasmids carrying the gene cfr occasionally also harbor complete or truncated transposons such as the fexAcarrying transposon Tn558, the aacA-aphD-carrying transposon Tn4001, the erm(B)-carrying transposon Tn917, or the erm(A)-carrying transposon Tn554 (18) (Fig. 2) . Various insertion sequences, such as IS26-558, IS431, IS257, and ISEnfa4 (formerly known as IS256-like), have been detected in the proximity of the cfr gene and are believed to play a role in the mobility of cfr but also in the mosaic structure of the cfr-carrying plasmids (18, 56) (Fig. 2) . Moreover, various additional resistance genes have been detected to be colocated with cfr on the same staphylococcal plasmids and may play a role in the dissemination and persistence of the cfr-carrying plasmids via coselection (18) .
Macrolide-Lincosamide-Streptogramin Resistance Plasmids
Over the years, various genes have been detected that confer resistance to macrolides, lincosamides, streptogramins, or combinations thereof (8, 9) ( Table 1) . Many of these genes have been identified primarily on plasmids or on transposons that have integrated into plasmids.
Among staphylococci of human and animal origin, small plasmids of 2.3 to 4.0 kbp that carry the rRNA methylase gene erm(C) have been detected most frequently (1, 3, 8, 9) . Based on their structure, at least three different types of erm(C)-carrying plasmids can be differentiated: plasmids that resemble the 2,355-bp plasmid pNE131 or the 2,475-bp plasmid pT48 (65, 66) , plasmids that resemble the 3,728-bp plasmid pE194 and its relative pSES6 (67, 68) , and plasmids that resemble the 4,040-bp plasmid pSES22 (69) (Fig. 1) . The small pNE131-like plasmids have only two genes, which code for the replication protein RepL and the rRNA methylase Erm(C) (65, 66) . Plasmid pE194 has a repF gene for plasmid replication and a pre/mob gene for plasmid recombination/mobilization in addition to erm(C) (67), whereas plasmid pSES22 consists of a repU gene, a different pre/mob gene, and the erm(C) gene (69) . Recent analysis identified an MRSA CC398 isolate that harbored two erm(C)-carrying plasmids, a pNE131-like plasmid, and a pE194-like plasmid, stably side-by-side (70) .
In another study of LA-MRSA, a small erm(C)-carrying plasmid was found to be integrated into a larger plasmid that already had an erm(T) gene (71). The gene erm(T) was found among MRSA or methicillinsusceptible S. aureus (MSSA) CC398 from human, animal, and food sources (35, (71) (72) (73) (74) (75) . One such plasmid, pUR3912, which also carried a cadDX operon for cadmium resistance, proved to be able to integrate in and excise from the staphylococcal chromosome (73). Other erm genes, such as the Tn554-associated gene erm(A) and the Tn917-associated gene erm(B), are more rarely seen on plasmids in staphylococci. Occasionally, intact transposons were located on plasmids (55, 76) . More often only parts of these transposons including the respective erm gene were found on staphylococcal plasmids (64, 77, 78) . The gene erm (33) , which represents an in vivo recombination product of the genes erm(A) and erm(C) (79) was found on the multiresistance plasmid pSCFS1 from S. sciuri (63) . The 33,347-bp plasmid pMS97 has been reported to carry the three macrolide resistance genes erm(Y), msr(A), and mph(C) (80) ( Table 2 ). The genes msr(A) and mph(C) are often found together (81), although little is known about the plasmids on which they are located. Besides their presence in bovine staphylococci from cases of mastitis, these two genes have also been detected among CoNS and MRSA CC398 from humans in Germany and Spain, respectively (82, 83) , and in plasmids of the S. aureus clone USA300 (84) . Plasmids that carry the lincosamide nucleotidyltransferase gene lnu(A) have mainly been identified in S. aureus and CoNS (e.g., Staphylococcus chromogenes, S. epidermidis, S. haemolyticus, Staphylococcus simulans) mainly from cases of bovine mastitis (85, 86) . These plasmids range in size from 2.3 to 3.8 kbp and usually carry only a rep gene and the lnu(A) gene (Fig. 1) . Solely in plasmid pLNU9, two copies of the lnu(A) gene were present due to a duplication of a 1,050-bp segment (86) . More recently, small lnu(A)-carrying plasmids similar to pLNU1 and pLNU4 (86) were also detected in LA-MRSA (13) . In the same study, the authors also identified the gene lnu(B) either on a large plasmid or in the chromosomal DNA (13) of MRSA isolates. This observation was extended by the finding of the lnu(B) gene on plasmid pV7037 from a porcine MRSA ST9 or in the chromosomal DNA of MRSA ST9 isolates from China (87, 88) . The gene lsa(B)-also located on the multiresistance plasmid pSCFS1 (63)-was shown to confer only slightly elevated MICs for lincosamides.
The 4,978-bp plasmid pIP1714 from S. cohnii was found to carry the streptogramin resistance genes vgb(B) and vat(C), together with a repU gene and a pre/mob gene (89) (Fig. 1) . The Vgb(B) and Vat(C) proteins act synergistically in mediating resistance to streptogramin B and A compounds, respectively. In S. aureus of human origin, plasmids ranging from 26 to 45 kbp in size were found that carried the three resistance genes vat(A), vgb(A), and vga(A) (90) . The gene vat(B) was found on the ca. 60-kbp plasmid pIP1156 from S. aureus (91) . Information on plasmid-borne resistance genes that confer streptogramin A resistance along with resistance to lincosamides and pleuromutilins is provided in the subsection on pleuromutilin resistance plasmids.
Pleuromutilin Resistance Plasmids
Several vga and lsa ABC transporter genes have been identified in staphylococci of human and animal origin that confer combined resistance to pleuromutilins, lincosamides, and streptogramin A antibiotics (8, 9) ( Table 1) .
The first vga gene, vga(A), was detected on a plasmid in 1992 (92) . At that time, it was believed that this gene exclusively confers resistance to streptogramin A antibiotics. Further studies showed that the vga(A) gene is part of Tn5406, a small nonconjugative transposon of the Tn554 family (93) . Tn5406 preferably integrated into the chromosomal radC gene (93), although the vga (A) gene was also found on plasmids of different sizes. In S. epidermidis of human origin, it was detected on plasmids of 7.5 kbp and 14.4 kbp, in the latter together with the trimethoprim resistance gene dfrA (94) . More recently, the vga(A) gene was detected as part of the multiresistance plasmid pSWS47 from feline S. epidermidis (37). The 5,718-bp plasmid pCPS32 carried only the vga(A) gene and was identified in a Portuguese MRSA ST398 from a dust sample taken in a hog house (95) (Fig. 1) . This plasmid showed 99.9% nucleotide sequence identity to the 5,713-bp plasmid pVGA from a human clinical S. aureus, also identified in Portugal (96) . Similar plasmids ranging in size from 5.7 to 7.6 kbp were found in MRSA ST398, MRSE, and methicillinsusceptible S. epidermidis of human and animal origin in Spain (97) . The vga(A) gene was also detected on a ca. 24-kbp plasmid from swine and a swine farmer in the United States (98) . A variant gene that showed 83.2% nucleotide sequence identity to the vga(A) gene has been detected either in the chromosomal DNA or on plasmids in staphylococci (99). Chesneau and colleagues confirmed that the vga(A) gene and its variant conferred resistance not only to streptogramin A, but also to lincosamides (100). Another variant gene, vga(A) LC , with shifted substrate specificity toward lincosamides was detected in S. haemolyticus (101) . During a study of clinical S. aureus isolates for pleuromutilin susceptibility, Gentry and colleagues showed that the gene vga(A) and its variants also conferred high MICs to pleuromutilins (96) .
A different vga gene, vga(B), was found in human staphylococci to be present on plasmids of 50 to 90 kbp that also carried the gene vat(B) for a streptogramin A acetyltransferase (102) . The gene vga(C) was first identified on the 14,362-bp multiresistance plasmid pKKS825, which also carried the resistance genes tet(L), dfrK, and aadD, from a porcine MRSA CC398 isolate in Germany (34) ( Table 2 ). Shortly thereafter, it was also detected as the only resistance gene on the 5,292-bp plasmid pCPS49 from porcine MRSA CC398 in Portugal (95) . The transposon Tn6133-associated gene vga(E) has so far been found exclusively in the chromosomal DNA of MRSA CC398 from various sources in Switzerland and Germany (103, 104) . However, most recently, a novel vga(E) variant gene has been identified on the 5,584-bp plasmid pSA-7 in porcine S. cohnii and S. simulans isolates from China (17) (Fig. 1) . This gene, which shared 85.8% nucleotide sequence identity with the Tn6133-associated vga(E) gene, also confers the pleuromutilin-lincosamide-streptogramin A resistance phenotype. Besides the vga(E) variant gene, this plasmid harbored a rep gene and three in part overlapping mob genes (17) .
In addition to the aforementioned vga genes, a different gene, designated lsa(E), also mediated combined resistance to pleuromutilins, lincosamides, and streptogramin A antibiotics (14) . This gene has been detected upstream of the lincosamide resistance gene lnu(B) in MRSA ST398, MSSA ST9, and MRSA ST9 of human and porcine origin, as well as on the 40,971-bp plasmid pV7037 from porcine MRSA ST9 (13, 14, 87, 88) (Fig. 3 and Table 2 ).
Aminoglycoside-Aminocyclitol-Streptothricin Resistance Plasmids
Several plasmid-borne genes that confer resistance to various aminoglycosides, aminocyclitols, or streptothricins have been detected in staphylococci of human and animal origin (Table 1) (1, 7-9, 105-107) . Some of these genes represent parts of transposons that can integrate into plasmids as well as into the chromosomal DNA (9) .
The 4,548-bp plasmid pUB110 from S. aureus carries the aminoglycoside adenyltransferase gene aadD and the bleomycin resistance gene ble in addition to the plasmid replication gene rep and the plasmid recombination/ mobilization gene pre/mob (108, 109) (Fig. 1) . The gene aadD [also known as aad(4′)-Ia] confers resistance to kanamycin, neomycin, and tobramycin (106, 107) . The 4,397-bp plasmid pS194, also from S. aureus, carries a repE gene, the streptomycin adenyltransferase gene str, and two, in part overlapping genes for relaxation/ mobilization proteins (110) (Fig. 1) . Streptomycin resistance plasmids that are structurally closely related to pS194 have also been identified in staphylococci of animal origin (111) . Small plasmids that carry the streptomycin resistance gene str downstream of a cat pC221 gene have been detected in S. hyicus and S. sciuri (112, 113) . The 28,150-bp multiresistance plasmid pSK1 (1, 7, 114) harbors a complete copy of the composite aminoglycoside resistance transposon Tn4001. Tn4001 is composed of a central region, consisting of the orf132 of unknown function and the aminoglycoside resistance gene aacA-aphD (also known as aac[6′]-aph[2″]), which is bracketed by two complete copies of the insertion sequence IS256 that are situated in opposite orientations (115, 116). The aacA-aphD gene codes for a bifunctional enzyme with acetyltransferase and phosphotransferase functions and confers resistance to gentamicin, kanamycin, tobramycin, and, when overexpressed, to amikacin (9, 106, 117) . Truncated Tn4001 elements, in which the terminal IS256 sequences were partially deleted, have been found on multiresistance plasmids in human S. aureus and in avian CoNS isolates, including Staphylococcus warneri and S. sciuri. In the latter plasmids, the terminal IS256 elements of Tn4001 were truncated by the insertion of complete or incomplete copies of IS257 (118) (119) (120) . Transposon Tn5405 from S. aureus is, similar to Tn4001, also a composite transposon. Tn5405 has a central resistance gene region encompassing the streptomycin resistance gene aadE [also known as ant (6)-Ia], the streptothricin acetyltransferase gene sat4, and the kanamycin/neomycin/amikacin resistance gene aphA3 (also known as aph[3′]-IIIa). The central region is bracketed by the insertion sequences IS1182L and ΔIS1182R (121) . While the complete Tn5405 was initially discovered on the ca. 39.2-kbp plasmid pIP1085B (121), the Tn5405-associated resistance gene cluster has also been detected on other staphylococcal plasmids, e.g., pSERP from S. epidermidis (122) or p18806-P03 and related plasmids from the S. aureus clone USA300 (84) ( Table 2 ). The aadE gene-apart from sat4 and aphA3-was shown to be part of the aforementioned chromosomal or plasmidic multiresistance gene cluster in MRSA ST398, MSSA ST9, and MRSA ST9 of human and porcine origin, respectively (13, 14, 87, 88) (Fig. 3) .
Staphylococcal resistance to the aminocyclitol antibiotic spectinomycin is frequently mediated by the Tn554-associated gene spc (also known as ant [9] -Ia). If complete copies of Tn554 insert into plasmids, the spc gene is usually distributed as part of these plasmids (76) . The spc gene has also been found as part of a largely truncated Tn554 copy on the cfr-carrying multiresistance plasmid pSCFS1 (63) . The analysis of the aforementioned multiresistance gene cluster (13, 14, 87, 88) also identified the presence of a novel spectinomycin resistance gene, designated spw (15) . Most recently, a third spectinomycin resistance gene, designated spd, on a 3,928-bp plasmid pDJ91S from MRSA ST398 of chicken origin has been described (123) (Fig. 1) . A slightly smaller plasmid, designated pSWS2889, with a divergent rep gene but the same spd and pre (rec) gene, has also been detected among MRSA CC398 from diverse sources (124) . The first and so far only gene that confers resistance to the aminocyclitol antibiotic apramycin in staphylococci, apmA, was identified on the 49,192-bp multiresistance plasmid pAFS11 from a bovine MRSA CC398 isolate (78) ( Table 2 ). This plasmid also carried the resistance genes erm(B), aadD, tet(L), and dfrK. Plasmids closely related to pAFS11 were also detected in MRSA CC398 isolates from swine and food of poultry origin. In addition, the 4,809-bp plasmid pKKS49 obtained from a porcine MRSA isolate in Portugal was found to carry the apmA gene as the only resistance gene (16) (Fig. 1) . Apart from the apmA gene, plasmids pAFS11 and pKKS49 did not reveal any significant sequence similarities (16) .
Mupirocin Resistance Plasmids
Plasmid-borne resistance to mupirocin is based on the presence of a mupirocin-insensitive isoleucyl-tRNA synthase encoded by the gene mupA (also known as ileS or ileS2) (125-128) ( Table 1 ). One such completely sequenced plasmid is the 41,715-bp plasmid pPR9 from S. aureus, which in addition to the mupA gene also carried a copy of transposon Tn552 with the β-lactamase gene blaZ (128) ( Table 2 ). The structural relationship of plasmid pPR9 with other conjugative plasmids carrying or not carrying the mupA gene has been described in detail by Pérez-Roth and coworkers (128) . The conjugative plasmid pKM01 from a canine Staphylococcus pseudintermedius has recently been shown to carry the mupA gene along with the aacA-aphD gene (129) . Large plasmids carrying the mupA gene have also been described to occur in S. haemolyticus of human origin (130) . Several plasmids ranging in size between 37.1 and 47.3 kbp and obtained from MRSA USA300 isolates have been described to carry the mupA gene alone or in combination with other resistance genes, most frequently aacA-aphD and aadD (131).
Fusidic Acid Resistance Plasmids
Plasmid-borne resistance to fusidic acid is based on the expression of the genes fusB and fusC (132) ( Table 1) . The FusB protein has been shown to bind to staphylococcal elongation factor G (EF-G) and thereby to protect the staphylococcal translation system from the inhibitory effects of fusidic acid. Inducible expression of fusB is regulated by translational attenuation (133) . The 21,845-bp plasmid pUB101 (database accession no. NC_005127) represents the prototype fusB-carrying plasmid in staphylococci (134) ( Table 2 ). This plasmid also carried a cadDX operon for cadmium resistance and a copy of transposon Tn552 with the β-lactamase gene blaZ (134) . The analysis of bovine CoNS for fusidic acid resistance identified the fusB gene on a ca. 40-kbp plasmid in a single S. haemolyticus isolate (135) .
Trimethoprim Resistance Plasmids
At least four different genes (dfrA, dfrD, dfrG, and dfrK) play a role in trimethoprim resistance of staphylococci (1, 7, 8, 36) . Among them, dfrA, dfrD, and dfrK are transferable and often located on plasmids ( Table 1 ). The first trimethoprim resistance gene identified in staphylococci was dfrA (also referred to as dfrS1) (136) . This gene is part of the composite transposon Tn4003, in which the genes for a dihydrofolate reductase (dfrA) and a thymidylate synthetase (thyE) are flanked by three copies of IS257 (137) . Tn4003 integrates into the chromosomal DNA but has also been found on large conjugative plasmids in S. aureus and CoNS (114, 120, (138) (139) (140) . The 8,013-bp plasmid pSK639 from S. epidermidis also carried an IS257-flanked segment that contained the genes dfrA and thyE, which closely resembled a large part of Tn4003 (141) . A different dfr gene, dfrD, was found on the 3.8-kbp plasmid pABU17 from S. haemolyticus (142) . Little is known about plasmids that carry the gene dfrD in staphylococci.
The most recent dfr gene detected in staphylococci is dfrK. This gene was initially identified on the ca. 40-kbp plasmid pKKS2187 from porcine MRSA CC398, where it was physically linked to the tetracycline resistance gene tet(L) (36) . Clusters comprising tet(L)-dfrK but also other resistance genes have subsequently been detected on various large multiresistance plasmids, mainly from MRSA CC398 (34, 35, 71) but also from MRSA ST125 (143) and S. epidermidis ST5 (37) . In addition, the dfrK gene was identified as the only resistance gene on the 4,957-bp plasmid pKKS966 from a porcine Staphylococcus hyicus isolate (16) (Fig. 1) . In addition to its location on structurally diverse plasmids, the dfrK gene was also shown to be part of the small nonconjugative transposon Tn559 (144) , another member of the Tn554 family.
Vancomycin Resistance Plasmids
Vancomycin resistance is still very rare in staphylococci (145) . The first clinical highly vancomycin-resistant S. aureus (VRSA) isolate detected in a human patient in 2002 harbored the 57,889-bp conjugative multiresistance plasmid pLW043, which consisted of a pSK41-like S. aureus resistance plasmid (dfrA, aacA-aphD, blaZ, and qacC) with an insertion of a Tn1546-like element carrying the vanA gene cluster (139) ( Table 2 ). In other VRSA isolates, the Tn1546-associated vanA genes were located on larger plasmids of ca. 120 kbp (146) or ca. 100 kbp (147) . Further VRSA isolates showed the presence of an Inc18-like vanA-carrying plasmid similar to those of coresident vancomycin-resistant enterococci (12, 148) . Recent studies showed that a pSK41-like plasmid is necessary for Inc18-like vanA plasmid transfer from Enterococcus faecalis to S. aureus under in vitro conditions (149) . Detailed analysis of the Tn1546 elements in VRSA isolates revealed structural alterations due to the insertion of IS1216V and IS1251, which, however, did not affect the structural genes required for vancomycin resistance (145) .
Penicillin Resistance Plasmids
In staphylococci, the blaZ-encoded β-lactamase confers resistance to penicillins except isoxazolyl-penicillins (8) . The blaZ-blaI-blaR1 operon has been identified on transposon Tn552 (150, 151) , which has been detected on plasmids as well as in the chromosomal DNA (1, 7, 152) . The complete Tn552 is 6,545 bp in size and characterized by two transposase genes, p271 and tnp (p480), a recombinase gene, bin, and three β-lactamaseassociated genes, the β-lactamase repressor gene blaI, the β-lactamase regulator gene blaR1, and the β-lactamase gene blaZ. A recent analysis of staphylococcal plasmids showed that Tn552 can be the subject of deletions. Two variants, ΔTn552 and Tn552Δ, were detected (152). ΔTn552 lacks the transposase genes, while the three bla genes have been lost in Tn552Δ (152) . It should be noted that ΔTn552 was first described on plasmid pI258 (151) ( Table 2) . As reviewed by Lyon and Skurray (1) as well as by Jensen and Lyon (7), most of the older blaZ-carrying plasmids also harbored genes for resistance to inorganic ions such as antimony, arsenate, arsenite, bismuth, cadmium, lead, mercury, and zinc (153); organomercurial compounds such as phenylmercuric acetate (154); antiseptics, disinfectants, and dyes such as acriflavine (155); ethidium bromide (156) ; and quaternary ammonium compounds (155, 157) . Additional antimicrobial resistance genes, such as erm(B) (158), fusB (134), and aacAaphD (159) were also detected on these β-lactamase plasmids. More recently, blaZ-carrying multiresistance plasmids that harbored the enterotoxin genes sed, sej, and ser (152) or the gene for the exfoliative toxin B (160) have been described.
It should be noted that the blaZ gene has been identified in numerous staphylococci of animal origin as reviewed by Wendlandt and coworkers (8) ; however, in most cases information about a plasmid location and/or the size and structure of the respective plasmids is not available. The analysis of 137 penicillin-resistant S. aureus and CoNS strains from cases of bovine mastitis identified blaZ genes in all isolates tested. However, in only 14 isolates, which represented the species S. aureus, S. epidermidis, S. chromogenes, S. haemolyticus, and S. xylosus, the blaZ gene was located on plasmids that ranged in size between 24 and 58 kbp (161) . Further recent studies identified copies of Tn552 on multiresistance plasmids of porcine MRSA ST9 (88) and feline MRSE ST5 (37) , in which the blaZ gene was functionally deleted by frame-shift mutations that caused premature stop codons.
PROCESSES INVOLVED IN THE FORMATION OF OLIGO-OR MULTIRESISTANCE PLASMIDS
Different mechanisms by which antimicrobial resistance plasmids in staphylococci can recombine, form cointegrates, and integrate-in part or in toto-into other plasmids have already been reviewed in detail (2, 7, 9). The following sections will provide a few examples of these processes.
Recombination of Resistance Plasmids via Site-Specific Recombination
Staphylococcal plasmid cointegrates can be formed by host-and phage-mediated general rec systems that act on short regions of homology (162) . Two such regions of homology, named recombination sites A and B (RS A , RS B ), have been identified on several small staphylococcal plasmids (2, 24, 162) . It has been shown that the plasmid recombination protein Pre mediates a sitespecific recombination that involves RS A but not RS B . Heterologous cointegrates between the tet(K)-carrying tetracycline resistance plasmid pT181 and the erm(C)-carrying plasmid pE194, both of which carry RS A sites and pre genes, have already been derived in vitro (24, 162) . At least one example of in vivo RS A -mediated recombination between a small pT181-like tet(K)-carrying plasmid and a small pPV141-like erm(C)-carrying plasmid has been described (29) . The plasmid pSTS7 from S. epidermidis is assumed to have developed from an aadD-ble-encoding pUB110-like resistance plasmid and a pNS1981-like tet(L)-encoding tetracycline resistance plasmid by RS A -mediated recombination and subsequent intraplasmid recombination (32) . Naturally occurring plasmids such as pSCS12 and pSCGp3EB, which carry a pC221-analogous repD gene, the cat pC221 gene, and the pS194-associated str and rlxA/mob genes, are believed to have developed by RS B -mediated recombination and been followed by intraplasmid recombination (112) .
Exchange of Antimicrobial Resistance Genes via Illegitimate Recombination
Several small plasmids, that replicate via a rolling circle mechanism, carry closely related repU-like plasmid replication and pre/mob genes, but differ in their resistance genes, have been identified in staphylococci and other Firmicutes. These include the aadD-ble-carrying plasmid pUB110 from S. aureus (108, 109) , the vgb(B)-vat(C)-carrying plasmid pIP1714 from S. cohnii (89), the aadD-tet(L)-carrying plasmid pSTS7 from S. epidermidis (32), the tet(L)-dfrK-carrying plasmid pKKS627 from MRSA ST398 (GenBank accession no. NC_ 014156.1), the erm(C)-carrying plasmid pSES22 from S. saprophyticus (69), the tet(L)-carrying plasmids pNS1981 and pBC16 from Bacillus subtilis and Bacillus cereus (163) (164) (165) , and the dfrD-carrying plasmid pIP823 from Listeria monocytogenes (166) . As previously reported (9, 69, 89), 4-bp direct repeat 5′-GGGC-3′ and adjacent more or less perfect inverted repeat sequences were found at the junctions of the repU-pre/mobhomologous and nonhomologous segments (Fig. 4) . These sequences are believed to play a role in the acquisition and exchange of resistance genes by illegitimate recombination. Illegitimate recombination processes do not require long stretches of identical sequences, and regions characterized by inverted repeat sequences are considered to be preferential areas for illegitimate recombination events (167) . Moreover, it may also be possible that the largely common plasmid backbones serve as targets for homologous recombination events that enable the exchange of resistance gene regions. Another example is the MLS B resistance gene erm (33) , which represents an in vivo-derived hybrid between a plasmid-borne erm(C) gene and a transposon-borne erm(A) gene (79) . At the junction of erm(C)-homologous and erm(A)-homologous sequences, an area of 45 bp was detected, which displayed 95.6% identity to erm(A) and 93.3% identity to erm(C) and is believed to have served for recombination between the genes erm(C) and erm(A) (79).
Plasmid and Resistance Gene Integration via Insertion Sequences
A number of insertion sequences have been identified in staphylococci of human and animal origin, some of which, like IS257 or the closely related IS431 and ISSau10, have proved to play an important role in the integration of small plasmids into larger plasmids or into the chromosomal DNA (9) (Fig. 5) . IS257 elements might have been involved in the integration of a small pKKS627-like tet(L)-dfrK-carrying plasmid into the ca. 40-kbp plasmid pKKS2187 from a porcine MRSA ST398 isolate (36) . IS257-mediated integration of pT181-like plasmids into larger plasmids was first described in the 34.2-kbp plasmid pJ3358 from S. aureus (126) . Other examples are the plasmids pSTS23 (ca. 49 kbp) from S. epidermidis, pSTS20 (ca. 67 kbp) from S. haemolyticus, pSTS21 (ca. 82 kbp) from S. aureus, and pSTS22 (ca. 31 kbp) from S. warneri (168) . Moreover, IS257 seems to be involved in the mobility of mupirocin resistance genes. For example, the mupirocin resistance gene mupA was initially described to be bracketed by IS257 copies in the 23.6-to 34.2-kbp plasmids pJ3355-pJ3358 from S. aureus (126) . Comparative sequence analysis of various staphylococcal mupirocin resistance plasmids of 34.0 to 41.7 kbp confirmed this observation (128) . IS257-mediated integration of a small erm(C)-carrying plasmid was described in plasmid pUSA03 (169) , whereas ISSau10-mediated integration of a similar plasmid was seen in plasmid pUR2940 (71). ISSau10 was initially identified on the ca. 40-kbp plasmid pKKS25 from porcine MRSA ST398. Two copies of ISSau10 located in the same orientation flanked a 4,675-bp resistance gene region that contains the genes tet(L), dfrK, and erm(T) (35) . A very similar situation was observed in plasmid pUR2940, while regions carrying tet(L) and erm(T) and flanked by ISSau10 were detected on plasmids pUR1902 and pUR2941 (71). The gene aadD was also detected on plasmids pUR1902 and pUR2941 to be flanked by ISSau10 copies in the same orientation (71). In contrast, a pUB110-like plasmid with the aadD gene was inserted via IS257 in plasmids pGO1 and pSK41 (118, 170) . Various complete or truncated IS257, IS431, and IS1216 elements have been identified on plasmids pSWS47 and pV7037 and are believed to account for the mosaic structures of these multiresistance plasmids (37, 88) . The insertion sequence IS431 plays an important role in the insertion/excision of plasmid pUR3912 in/from the chromosomal DNA of MSSA ST398 (72, 73) . The insertion sequence IS21-558 was first identified on the ca. 43-kbp plasmid pSCFS6 in S. warneri and S. simulans isolates, where it bracketed a region containing the resistance genes cfr and lsa(B) (54) ( Table 2 ). IS21-558 has exclusively been found in connection with the gene cfr and appears to have an integration preference for the transposase genes of the fexA-carrying transposon Tn558 (18, 57) .
DISSEMINATION OF MOBILE RESISTANCE GENES WITHIN THE FIRMICUTES GENE POOL
Staphylococci of human and animal origin do not live in isolation. Instead, they exchange genetic material, including resistance genes, with a wide variety of other bacteria. In this regard, transfer across species boundaries is mainly mediated by plasmids or plasmid-located transposons. For some of the resistance genes currently known to occur in staphylococci, the origin and the direction of transfer seem to be clear. Examples for the transfer of resistance genes from Enterococcus to Staphylococcus are the VRSA isolates detected so far. These isolates harbor a plasmid-borne Tn1546 that is believed to have been acquired by conjugation from a vancomycin-resistant Enterococcus isolate. In cases where the enterococcal plasmid was replication-deficient in the S. aureus host, Tn1546 transposed from the enterococcal plasmid to a plasmid already present in the new staphylococcal host cell (145, 148, 149) . Another more recent example of an Enterococcus to Staphylococcus transfer is the presence of a multiresistance gene cluster that comprised the genes aadE, spw, lsa(E), and lnu(B) in staphylococci. This multiresistance gene cluster was initially detected on plasmid pEF418 from E. faecalis (GenBank accession no. AF408195.1) and has recently been found on plasmids and in the chromosomal DNA of MRSA ST398 and MRSA/MSSA ST9 (13-15, 87, 88) (Fig. 3) . The multiresistance gene cfr has recently been assumed to originate from members of the order Bacillales (171).
For other resistance genes, which are widespread within the Firmicutes gene pool, it is more difficult to state from which donor the staphylococci have acquired them. As such, the erm(B) gene located on the nonconjugative transposons Tn917 and Tn551 (10) has been identified in at least 34 different genera, including Staphylococcus, Streptococcus, Enterococcus, Lactobacillus, and Bacillus, while the erm(T) gene has been found in the four genera Staphylococcus, Streptococcus, Enterococcus, and Lactobacillus (http://faculty .washington.edu/marilynr/). Most likely, erm(B) and erm(T) are not indigenous staphylococcal genes, but it is not possible to state from which bacterium staphylococci have acquired these genes first or from which bacterium the genes originate. The same is true for the tetracycline resistance gene tet(L). This gene is believed to originate from Bacillus, but has also been identified in various genera of the Firmicutes, including Staphylococcus, Streptococcus, Enterococcus, Lactobacillus, Clostridium, and Listeria. One of the most widespread resistance genes, the tetracycline resistance gene tet(M) (http://faculty.washington.edu/marilynr/), is located on conjugative transposons, with Tn916 representing the prototype tet(M)-harboring transposon. Complete or truncated copies of tet(M) are commonly found on plasmids of streptococci and enterococci, but the first functionally active plasmid-borne tet(M) gene was detected on the S. epidermidis plasmid pSWS47 most recently (37) . This tet(M) gene and its flanking regions showed highest homology to plasmid pMD5057 from Lactobacillus plantarum (37, 172) .
For some of the novel resistance genes described over the last few years, very limited-if any-information is available about their origin (33) . This refers in particular to the genes vga(C) (34, 95) , apmA (16, 78) , dfrK (16, 36) , and the novel vga(E) variant (17) . Analysis of the plasmid backbone of the small plasmids carrying, apmA, dfrK, or the vga(E) variant gene revealed that they have a similar overall structure that is composed of three in part overlapping mob genes and a rep gene (16, 17) . However, comparisons at the amino acid level showed that the respective Rep proteins showed negligible similarity to staphylococcal Rep proteins. Its best match to sequences deposited in the databases was 48% amino acid identity to Rep proteins of rumen bacteria of the genus Selenomonas (16) . Similarly, the Mob proteins showed only 29 to 56% identity to Mob from the genera Pediococcus, Lactobacillus, and Staphylococcus (16). Analysis of the 5,292-bp vga(C)-carrying plasmid pCPS49 revealed the presence of a pre/mob gene and a rep gene. The respective Pre/Mob protein was only distantly related to staphylococcal Pre/Mob proteins and showed a highest amino acid identity of 50.2% and 49.2% to mobilization proteins of Lactococcus lactis and Lactobacillus sakei, respectively (95) . The Rep protein of pCPS49 also displayed a highest amino acid identity of only 63.9% to a plasmid replication protein of L. sakei (95) . These examples show that staphylococci can acquire resistance plasmids from bacteria of unknown origin. Surprisingly, some of these plasmids can replicate without problems in the staphylococcal host and also express their resistance genes.
In addition to accepting foreign resistance genes and their associated mobile genetic elements, staphylococci may also pass plasmid-or transposon-borne resistance genes to other bacteria. Thus, the dfrK gene and the dfrK-carrying transposon Tn559, both first identified in MRSA (36, 144) and soon thereafter in other staphylococci (16) , have recently also been detected in enterococci (173) . An even more impressive situation is the spread of the multiresistance gene cfr, also first identified in staphylococci, to other bacteria (18) . In recent years, cfr was detected in Bacillus spp. (174) (175) (176) , in various Enterococcus spp. (177) (178) (179) , in Macrococcus caseolyticus and Jeotgalicoccus pinnipedialis (180), as well as in Streptococcus suis (181) . The cfr gene was even identified in the chromosomal DNA of Proteus vulgaris (182) and on plasmids of Escherichia coli (183, 184) .
Finally, it should be noted that some resistance plasmids found in staphylococci, such as pUB110, proved to be able to replicate in other Firmicutes, for example Bacillus, and have also been isolated from Bacillus hosts (185) . This seems to be particularly true for tet(L)-carrying plasmids that harbor a repU gene (163) (164) (165) . In addition to pUB110 and tetracycline resistance plasmids, the chloramphenicol resistance plasmids pC221, pC223, and pC194 have been shown to replicate in Bacillus hosts (186) . Moreover, the 2,246-bp erm(C)-carrying plasmid pIM13 from B. subtilis closely resembled the similar-sized staphylococcal erm(C)-carrying plasmids (187) . The 16,492-bp plasmid pBS-01 initially detected in Bacillus spp. (174) has subsequently been found in porcine S. cohnii, S. saprophyticus, and S. sciuri isolates (55) . The dfrD-carrying plasmid pIP823 has a broad host range that includes L. monocytogenes, E. faecalis, S. aureus, B. subtilis, and even E. coli (166) . Mobilization of pIP823 by using either self-transferable plasmids or the conjugative transposon Tn1545 was shown to occur between L. monocytogenes and E. faecalis and between L. monocytogenes and E. coli (166) . In contrast, other plasmids may be restricted to replication in their specific host bacteria or their very close relatives. When transferred to a distantly related new host bacterium, cointegrate formation and recombination with plasmids indigenous to the new host may ensure the maintenance of the corresponding resistance genes in the new host.
